Abstract
after rainfall events (also see Satoh et al., 2012) . Plants in this area, especially Allium, sheep equivalent numbers using common factors (e.g., Pratt and Rasmussen, 2001 ).
146
Thus, the average stocking rate for the two watersheds is between the higher S r of 147 Saintsagaan soum and the lower value of Dundgobi aimag, implying that the target 148 study areas reflects a somewhat modified herding condition due to the proximity to the of Sugita et al., 2007) .
153
In and around the W1 and W2 watersheds, there are four wells (GW1-GW4) well, increases (e.g., Sasaki et al., 2008) . Therefore, the extent of such bare ground is 171 only limited to areas surrounding wells and 'gers' and, thus, impacts to watershed-scale 172 water balances and hydrologic processes can likely be ignored. where P is precipitation, E is evaporation (soil evaporation and transpiration), G out is 181 groundwater discharge from the watershed, R out is surface runoff from the watershed, U 182 is the amount of groundwater extracted through the wells used mainly for grazing, and
183
ΔS is the storage change within the watershed over the period in which (1) is determined.
184
In the present study, (1) was considered from the surface down to the bottom of the 185 shallow, unconfined aquifer and we assumed that the shallow aquifer is underlain by an 186 impermeable layer so no leakage occurs. Since the observed groundwater level did not
187
show steady declines during the dry period (see the Results section and the Appendix),
188
such an assumption is likely acceptable.
Results

217
Our observations and analyses are summarized in Figure 2 (seasonal changes 218 of water balance), Table 3 (annual water balance), Table 4 ( P S   and mean residence 219 time for different soil depth ranges), and On an annual basis, the answer to the question above is quite clear -the 224 majority of precipitation, P, is lost to the atmosphere by evaporation, E. However, the 225 E/P ratio was found to greatly change both seasonally and annually. The other terms 226 of water balance were very small and may actually be neglected depending on the 227 purpose of the analysis.
228
During the three, one-year periods for which annual water balance was 229 estimated (Table 3) , the annual precipitation value was 87.5-95.8 mm and corresponded
230
to 58-64% of long-term mean annual precipitation (150 mm) for Mandalgobi. As 231 mentioned in the Methods section, the observation period was characterized by weak 232 drought conditions. Seasonally, as can be seen from Fig. 2 , inputs to the watershed 233 occurred as rainfall almost entirely during the warm season. Winter precipitation (i.e.,
-8 -snowfall) was minor and totals were 3.9, 6.3, and 8.0 mm for the 2008-2009, 2009-2010, 235 and 2010-2011 winter seasons, respectively.
236
In contrast to precipitation, evaporation took place not only during the warm exists although E/P = 0.82 is located on the lower side expected for the high aridity 256 index of PE/P = 11.6.
257
Overall, annual water balance is dominated by precipitation and evaporation,
258
and to some extent by infiltration into the soil layer (see the discussion below on this 259 topic). As is clear from data provided in Table 3 on SWC data from AWSs located at the surface down to -1.3 m. As can be seen from
284
(1), the result should be the same as E under conditions of negligible G out , R out , U, and
285
ΔS within soils below the lowest levels. Thus, the general agreement found in Fig. 2 286 between the two provides partial verification for the evaporation estimates obtained by
287
(1).
288
As can be seen from the figure, P occurs intermittently while E and P S   are 289 continuous, indicating a direct interaction between P and SWC during the wet period
290
and between E and SWC during the dry period. Also clear is that there are periods 291 where E P    . For example, beginning in February of 2011 through July of the 292 same year, accumulated evaporation continued to be larger than accumulated rainfall.
293
During these periods, evaporation consumes the stored soil moisture and drought 294 conditions can easily result. During the observation period, however, this type of 295 outcome did not occur for extended periods.
296
Some finer points in Fig. 2 We determined that the groundwater-soil moisture connection was very weak 313 during rainfall events and on rain-free days. As a result, groundwater recharge rarely 314 took place and only occurred during heavy rainfall events mainly in valley bottoms.
315
Groundwater is also not directly used by transpiration. Thus, the role of groundwater 
With a climatic mean of P = 150 mm a -1 (for 1944-2011) , an E of 82% from P , 390 and the out R obtained from Table 3 , (2) leads to z q = 27 mm a -1
.
391
In the second approach, z q was determined from the mean residence time, t , 392 determined from the tritium concentration analysis and the storage of shallow Watershed boundaries were determined using a map and GPS surveys. For 661 the surveys, a topographic map of 1:100,000 and a map (Fig.1) were verified and corrected wherever necessary by in-situ surveys using a GPS receiver.
665
The watershed areas for W1 and W2 were determined to be A = 3. 
where k is Karman's constant; u * is the friction velocity;  is the air density; c p is the 
where u is the wind speed, z 0 is the roughness length, and m  is the stability correction 720 function for momentum. area and resulted in underestimations that caused an imbalance in the energy balance.
758
Due to this finding, we decided not to use the measured G. Groundwater level
777
The water table level of the three wells, GW1, GW2, and GW4, was manually 778 measured and recorded daily by local herders. Manual recording was chosen due to 779 the difficulty in recovering automatic sensors in remote areas, especially after a full year.
780
Manual water level data were quality checked in order to screen (and correct when 781 possible) suspicious data. An example of a typical correction occurred due to shifts in 782 water level prior to and following the winter season because during the winter well 783 water was frozen and no measurements were performed. We also followed-up on 784 manual reports when we suspected that the reference for ground level was somehow 785 moved and caused a shift in the water level. An additional example of data correction 786 occurred due to unrealistic fluctuations for water levels reported during the first year.
787
We corrected first year data during the second year after issuing instructions for more 788 careful measurements.
790
Groundwater discharge
791
For the W1 watershed, groundwater discharge can be assumed to be zero 792 because GW1 is located at the center of a local depression near the watershed boundary.
793
From this depression there is no apparent outlet towards the downstream direction. .
841
The maximum depth (within the stream cross-section) of surface runoff and the 842 duration of runoff were assumed to have values of 2 cm, 5 cm, and 10 cm, and 1 to 3 843 hours to examine their sensitivity to water balance. However, the use of different 844 depths and duration did not produce significantly different results.
845
The mean velocity for surface runoff was estimated by applying the
846
Gauckler-Manning equation (e.g., Brutsaert, 2005) . Based on visual observations, the 847 roughness parameter n = 0.022 was used for a straight channel with a sandy river bed.
848
The mean channel gradient (0.016) and the cross sectional shape of 11 points along the The unit is mm a -1 and the percentage of each component to total P is given in parentheses. The error, ε, was determined by of R out for W2 is given for the assumed case of (1) with a depth, h = 0.02 cm, a duration, t = 1 h; (2) with a h = 0.10 cm and a t = 3 h; and both with a threshold rainfall intensity of P i = 4 mm 10 min -1 .
-4 - where P is mean daily precipitation.
-5 - C is the tritium concentration of sampled well water, 0 C is the estimated tritium concentration of groundwater at the time of recharge, t is the mean residence time of shallow groundwater derived from (A.5), and z q is the mean recharge rate to shallow groundwater estimated by / z q S t  .
-32 - 
